ABSTRACT
INTRODUCTION
Ground Penetrating Radar (GPR) is the geophysical method, which uses electromagnetic wave (typically in the frequency range of 10 to 2000 MHz) [1] to study the structure of the shallow subsurface.
Meanwhile, Reflection Seismic Exploration is the geophysical methods, which bases on the propagation of the mechanical wave to image subsurface structures and to obtains rock and soil's properties.
Generally, there are three main stages in reflection seismic procedure: Acquisition, data processing analysis, and interpretation. Although the data processing and analysis stage take much time in many different and complicated minor steps, migration is still the most difficult and important step, of which purpose is to transform measured wave fields into images of geological structures in geophysical viewpoin. In recent years, based on the similarities between the principle of the propagation of electromagnetic wave and the mechanical wave (the operators and the variables of two wave equations), migration methods have been studied noticeably to apply to interpreting GPR data. Among those methods, the Phase Shift Plus Interpolation Migration (PSPI migration), which relates to the downward continuation method, being firstly published in 1984 in Geophysics by Jeno Gazdag and Piero Squazzero [2] , is one of interesting methods in the world but not yet commonly used in Vietnam.
Because PSPI is a kind of depth migration method, the interval velocity is in valid to be used. Unfortunately, in practice, we absolutely do not know exactly the layer structure of the subsurface, so we have to use root mean square (RMS) velocity, which is easier to predict but does not reflect the practical velocity of one layer, instead of interval velocity in migration algorithm. However, thanks to priori information and results of migration step with RMS velocity, the layer structure could be interpreted and the interval velocity of each layer could be calculated through the relevant formula.
METHODS

Phase shift plus interpolation migration (PSPI)
Actually, the velocity field of the rock environment is very complex. It is not homogeneous but varies in all directions. However, this variation can be considered in two main directions: in depth and horizontal. The variation of velocity can greatly affect the reflected wave field. The more complicated the velocity field is, the more difficult seismic migration is.
The phase shift plus interpolation migration (PSPI) is one of methods that approach the problem by considering the variation of velocity. Its idea is that the migration problem is separated into two algorithms corresponding to the two main steps:
Step 1: Extrapolate the wave field in depth by the phase shift method in frequency-wave number domain; only consider the depth variable velocity.
Step 2: interpolate each point in horizontal direction to solve the problem of lateral velocity variations. In this step, the conference velocities computed form the interval velocity field would be used to change the wave field in step one to the real wave field.
Assuming that the input data in the domain (x, t) satisfy the following scalar wave equation
Where P P(x, z, t) is the wave function, x is the midpoint variable, z is the depth, t is two-way traveltime, v is the half -way velocity. Assuming that the velocity changes only in depth v = v(z), perform 2D Fourier transform in both sides of equation (1) and then reduces it, the expression is yielded as:
Where kx is the wave number responding to mid point x, ω is the radian frequency.
kz can be expressed as:
Equation (3) becomes:
If v is constant, kz is also constant, then the equation (5) can be solved as a second-order differential equation with constant coefficients, the analytic solution is:
This solution is true when v varies respectively to z, as long as Δz is small enough [2] . Δz is the phase shift component. In a downward extrapolation process, when Δz in equation (6) is positive, sign agreement between kz and ω corresponds to waves that move in the negative t direction. On the other hand, when kz and ω have opposite signs, equation (6) represents waves that move in the positive t direction [1] .
Since the downward extrapolation requires Δz > 0, equation (4) has the positive sign. Substituting equation (4) into equation (6) , to afford (7)
Formula (7) is the wave field extrapolation equation. Thanks to this formula, the wave field at any level of depth can be computed from the wave field at a particular level of depth.
The extrapolation equation (7) is not valid for the velocity field with lateral variation [1] . To consider this variation in practice, the general extrapolation equation (6) is firstly splitted into two components:
Where v' ≠ v(x, z) is an approximation to v(x, z).
Equation (8) is a time shift applied to each trace, with v = v(x, z). Equation (9) can not be calculated directly when v' = v(x, z). Its implementation is approximated in two main steps:
Step 1: Find the two velocities vj and vj+1 as the extrema of v(x, z). These velocities are called reference velocities.
Step 2: Substitute those two velocities into equation (9), the two reference wave function can be yielded in frequency-wave number domain, then use the inverse Fourier transformation to bring the wave function back to the domain (x, ω).
Where:
The reference wave function represented by the formula (13) and (14) are complex numbers, thus they will be expressed in the form of modulus and phases as follows:
Then, using linear interpolation to determine the actual wave function:
The wave field need to be found is:
Do those calculation steps for each point on the coordinate then solving for all ω values to obtain the wave field at t = 0:
Hence, the phase shift plus interpolation migration was completed in transforming the reflected signal in the recorded data into the image of the subsurface reflectors.
Root Mean Square Velocity and Interval Velocity
There are two kinds of velocities usually used in migration methods: root mean square (RMS) velocity vrms and interval velocity vint.
RMS velocity, which is used in F -K, finite difference and Kirchhoff time migration, is the average velocity taken into account by considering the influence of the upper layer's instantaneous velocity.
The formula used to compute the RMS velocity [4] :
Interval velocity vint is obtained for each range Δt and Δz, in the data processing; it is often used nearly as the instantaneous velocity of one layer, excluding the impact of above layers. Interval velocity is used in PSPI migration.
The formula used to compute the interval velocity [3, 4] :
The relevant formula of interval velocity and RMS velocity [4] :
Minimum Entropy Method
In GPR method, it is difficult to determine accurately the velocity of the subsurface by distinguishing on migrated sections with nearly velocities value. Therefore, the minimum Entropy method [5] is used to pick the velocity which has the smallest error.
Entropy is a measure of the interference of signal in a particular signal section. The less interfering signal that the section has, the more exactly location and size of object that this section reflects. In other words, the migrated section with the exactly velocity up to the peak of the anomalous will have the minimum entropy value.
The formula used to compute Entropy [6] :
Where En(P) is the entropy value of the wave field's matrix P. The matrix's size is (M x N). (Fig. 3) . Among of those velocities, as calculated from equation (26), v = 0.095 m/ns is RMS velocity up to the top of the anomalous.
RESULTS
Model Data
Studying those migrated sections, some nocticeable comments could be given:
The circular tube's signal: When velocities being smaller than the RMS velocity (up to the peak of the anomalous) are used in migration, the hyperbolic signal is curved down (Fig. 3) , while velocities being greater than the RMS velocity are used, the hyperbola is curved up (Fig. 4) . However, when the RMS velocity or interval velocity is used in migration, the signal is put on the shape and the depth corresponding to the shape and the depth of the burried object.
The square concrete culvert's signal: Similar to signals of the circular tube, when velocities which are different from the RMS velocity up to the top of anomalous, are applied to migration step, the signal does not reflect the size and the depth of the object. Only when the RMS velocity or interval velocity is used, the signal's shape can help to determine the size and the depth of the upper part of burried object.
Although both RMS and interval velocities give good results, the migrated section using interval velocity is always clearer and have less noise than the migrated section using RMS velocity. More importantly, migration with interval velocities can give the result reflecting exactly the depth of the layers above the anomalous, whereas migration with RMS velocity shows only the depth of surveyed object.
Real Data
The real data was recorded at Binh Tien Street, District 6, Ho Chi Minh City, Vietnam. The survey frequency is 250 MHz.
GPR section of Binh Tien data (Fig. 3a) has a reverse polarized hyperbolic signal, with the peak at x = 2.25 m, t = 40 ns. Executing PSPI migration with velocities 0.090 m/ns, 0.095 m/ns, 0.100 m/ns, 0.105 m/ns, 0.110 m/ns, 0.115 m/ns, 0.150 m/ns, the results obtained were showed in Figure 3b , 3c, 3d, 3e, 3f, 3g, 3h, respectively.
When the original GPR section is executed by PSPI migration with v = 0.09 m/ns, the hyperbolic signal is curved down (Fig. 3a) , whereas it is migrated with v = 0.150 m/ns, the hyperbolic signal is curved up (Fig. 3h ). Both these velocities are not the RMS velocity of the subsurface.
When the GPR section is migrated with the velocity range between 0.095 m/ns and 0.115 m/ns, the migrated signal's shape are similar, so it is really difficult to determine the accurate RMS velocity only basing on those sections (Fig. 3b, 3c, 3d, 3e, 3f, 3g) . Therefore, to approximate the propagation velocity, the entropy graph of migrated sections should be used to pick the minimum entropy value.
Plotting the Entropy graph of migrated sections with the velocity range of 0.08 m/ns to 0.120 m/ns, the result is obtained (Fig. 4) . According to Fig. 4 , it could be deduced that the migrated section with v = 0.100 m/ns (3d) has the minimum entropy, it means that v = 0.100 m/ns is the RMS velocity up to the top of the anomalous. Combining with priori information, the upper layer of the subsurface is a 0.3 m thick layer of asphalt with the propagation velocity is v = 0.14 m/ns, which also is the interval velocity of asphalt layer. Substituting the RMS velocity (v = 0.100 m/ns) and the interval velocity of asphalt layer into formula (25), the interval velocity of the layer containing the anomalous could be computed as 0.0943 m/ns.
Thanks to the two interval velocities of the asphalt layer and the layer containing anomalous, the interval velocity model was built as Fig. 5 . Executing PSPI migration with this interval velocity model, the result is yielded as Fig. 3i . This migrated section and the migrated section with RMS velocity (Fig. 3d) have the similarity about the signal's aperture and location. The Entropy value of the migrated section using interval velocity model is also smaller than the Entropy value of RMS velocity migrated section (2.0582x10 4 < 2.1283x10 4 ).
Fig. 5. The interval velocity model
Therefore, it could be concluded about the anomalous that: thE object has the point size, locates at (z = 1.9 m, x = 3.1 m), the interval velocity of the layer containing object is 0.0943 m/ns, RMS velocity up to the peak of the object is 0.100 m/ns.
CONCLUSION
The application of PSPI migration to interpreting GPR data has advantages and disadvantages as follows:
The migrated section directly reflects the depth of the peak of objects without having to add a calculation suchas FD time migration or Kirchhoff time migration. Besides, PSPI migration can use both interval and RMS velocity; therefore making comparison between two kind of migrated sections could offer more information about the layered structure of the subsurface.
However, PSPI method cannot determine the interval velocity in layered subsurface without priori information. In addition, this method has not given the size and position on the lower part of objects because the variation of velocity field has not been considered.
This research should be expanded in the way of combining many kinds of migration methods, gathering priori information and computing the entropy value in order to determine both RMS and interval velocity, then predict the position, depth and size of the whole anomalous and the layered structure of the subsurface.
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